Individual lectin-carbohydrate interactions are usually of low affinity. However, high avidity is frequently attained by the multivalent presentation of glycans on biological surfaces coupled with the occurrence of high order lectin oligomers or tandem repeats of lectin domains in the polypeptide. F-type lectins are L-fucose binding lectins with a typical sequence motif, HX(26)RXDX(4)R/K, whose residues participate in L-fucose binding. We previously reported the presence of a few eukaryotic F-type lectin domains with partial sequence duplication that results in the presence of two L-fucose-binding sequence motifs. We hypothesized that such partial sequence duplication would result in greater avidity of lectin-ligand interactions. Inspired by this example from Nature, we attempted to engineer a bacterial F-type lectin domain from Streptosporangium roseum to attain avid binding by mimicking partial duplication. The engineered lectin demonstrated 12-fold greater binding strength than the wild-type lectin to multivalent fucosylated glycoconjugates. However, the affinity to the monosaccharide L-fucose in solution was similar and partial sequence duplication did not result in an additional functional L-fucose binding site. We also cloned, expressed and purified a Branchiostoma floridae F-type lectin domain with naturally occurring partial sequence duplication and confirmed that the duplicated region with the F-type lectin sequence motif did not participate in L-fucose binding. We found that the greater binding strength of the engineered lectin from S. roseum was instead due to increased oligomerization. We believe that this Nature-inspired strategy might be useful for engineering lectins to improve binding strength in various applications.
Introduction
Lectins are proteins that specifically recognize and bind to various carbohydrate moieties through their carbohydrate recognition domains (CRDs) (Kilpatrick 2002) . Lectins recognize carbohydrates on pathogen surfaces and carry out effector functions such as immobilization, agglutination and opsonization of pathogens (Kilpatrick 2002; Sharon and Lis 2004; Vasta et al. 2004 Vasta et al. , 2007 Vasta et al. , 2017 . Lectins frequently occur either as oligomers of non-covalently bound subunits or as tandem repeats within a single polypeptide. Oligomerization and/or the presence of tandem repeats enable lectins to achieve multivalent binding that results in high avidity towards the target ligand (Lis and Sharon 1998; Monsigny et al. 2000) . For instance, the mannan-binding lectin polypeptide has a single CRD but individual polypeptides associate to form a bouquet-like oligomer (Drickamer and Taylor 1993; Jensen et al. 2005) ; similarly, the conglutinin polypeptide has a single CRD and it oligomerizes to form a multimeric "cruciform" structure that can crosslink multiple targets (Holmskov et al. 2003; Gupta and Surolia 2012) . Tandem repeats of CRDs within a single polypeptide are reported in C-type immunolectins, in the R-type lectin, ricin, and in galectins, which have two tandem domains of different binding properties, and they serve to increase avidity and/or crosslink the ligand (Drickamer, Vasta and Ahmed 2009 ).
F-type lectins are L-fucose-binding lectins with a ∼ 140 residue long domain with two conserved sequence motifs -a calcium-binding motif and an L-fucose binding motif, HX(26)RXDX(4)R/K, where X is any residue; the conserved basic residues, H, R and R/K of the FLD sequence motif are involved in L-fucose recognition (Vasta et al. 2008 (Vasta et al. , 2017 Vasta and Ahmed 2009) . The "F-type lectin fold" was first described in Anguilla anguilla agglutinin (AAA) as a β-barrel with jelly roll topology (Bianchet et al. 2002) . The β-barrel comprises eight β-strands (Bianchet et al. 2002) . On one end of the β-barrel is a shallow ligand binding pocket formed by the loops (or complementarity determining regions (CDRs)) that connect the β-strands (Bianchet et al. 2002) . The ligand binding pocket contains the conserved basic residues of the FLD sequence motif, His, Arg and Arg/Lys that make hydrogen bonds with the axial 4-OH group of α-L-fucose (Bianchet et al. 2002) . Mutagenesis studies have indicated that these basic residues are critically required for L-fucose recognition (Farrand et al. 2008 ) (Bishnoi et al. 2018) . Besides hydrogen bonding with these residues, binding to L-fucose is aided by Van der Waals contacts with hydrophobic residues in the ligand-binding pocket (Bianchet et al. 2002) . The structures of FLDs from Morone saxatilis, Streptococcus mitis and Streptococcus pneumoniae are also available (Boraston et al. 2006; Bianchet et al. 2010; Feil et al. 2012) .
F-type lectins are widely distributed in organisms ranging from bacteria to vertebrates with diverse domain architectures (Vasta et al. 2004 (Vasta et al. , 2017 Bishnoi et al. 2015) . Eukaryotic F-type lectin domains (FLDs) usually exist singly or as one to many tandem repeats, but are sometimes also found co-occurring with other diverse domains (Bishnoi et al. 2015) . Tandem FLDs are also present in mosaic combinations in some polypeptides (Vasta et al. 2004; Bishnoi et al. 2015) . For example, a binary tandem domain Ftype lectin from M. saxatilis has two CRDs of distinct specificities for fucosylated ligands, F-type lectins are composed of either triplicate or quintuplicate tandemly arrayed FLDs in Xenopus spp., a single FLD is found in association with a C-type lectin domain and Sushi repeats in the furrowed proteins of Drosophila melanogaster CG9095, and multiple tandem repeats of FLD are present in association with pentraxin-1 domain in Xenopus laevis (Vasta et al. 2004; Odom and Vasta 2006; Bianchet et al. 2010; Bishnoi et al. 2015) . Typically, bacterial FLDs exist as a single copy and are coassociated with one or more different domains such as carbohydrate binding domains (such as CBM6 cellulase and CBM6 xylanase), carbohydrate-active enzyme domains (such as α-L-fucosidase, glycosyltransferase family domains, alginate lyase and β-N-acetylglucosaminidase), other enzyme domains (such as lipase, thiol cytolysin and methyltransferase) or various other domains (Bishnoi et al. 2015 ). An exception is the protein SP2159 from S. pneumoniae, which has three tandem FLDs associated with a glycoside hydrolase; the tandem presentation of the FLDs enable improved binding to multivalent ligands in this case (Boraston et al. 2006) .
We previously identified and reported six eukaryotic FLDs (from Branchiostoma floridae, Latimeria chalumnae and Chrysemys picta bellii), each with a tandemly displayed partial FLD repeat, i.e., a partial repeat of its own sequence likely formed due to internal duplication (Bishnoi et al. 2015) (Supplementary data, Table SI ). The region of the domain that is duplicated in these FLDs is the sequence between the β1 and β6 strands that includes the evolutionarily conserved FLD sequence motif ( Figure 1A ). These proteins, therefore, can be considered as possessing a partial FLD followed by a complete FLD, and hence two FLD sequence motifs. We found that in five of these six proteins with partial FLD duplication, the His or Arg residues of one of the two FLD sequence motifs critically required for L-fucose binding were naturally substituted with apolar residues. In two proteins, the His or Arg residues of the FLD sequence motif in the partial FLD region were naturally substituted with apolar residues, while in three other proteins the FLD sequence motif of the partial FLD region was conserved but the His and/or Arg residues of the FLD sequence motif of the subsequent complete FLD were mutated and the His was naturally substituted with apolar amino acids. This suggested that the loss of these critical residues in one of the two FLD sequence motifs might be offset by redundancy and therefore not be deleterious. We considered that the fold adopted by the FLD is a β-barrel, that β-barrels can theoretically be expanded by the addition of more β-strands (Arnold et al. 2007) , and that the partial FLD region has the FLD sequence motif in the same context of secondary structural elements ( Figure 1A, B) . We theorized that a protein with partial FLD duplication possessing conserved FLD sequence motifs in both the partial and complete FLD regions might display an additional functional L-fucose binding pocket. We hypothesized that the presence of two functional Lfucose binding motifs enabled by partial FLD duplication might result in avid binding to multivalent ligands.
Inspired by this example of domain expansion in Nature, we engineered a bacterial FLD (Streptosporangium roseum FLD; hereafter referred to as SrFLD) to contain a partial duplication of its own FLD sequence and studied the effect of the partial duplication on ligand binding. We demonstrate that the engineered lectin (hereafter referred to as SrDupFLD) has significantly improved binding strength towards multivalent fucosylated glycoconjugates and that, interestingly, this increased binding strength is due to increased oligomerization and not due to the presence of an additional functional L-fucose-binding site. We also confirm that the additional FLD sequence motif in a recombinant B. floridae protein with naturally occurring partial FLD duplication (BfDupFLD) does not contribute to L-fucose binding.
Results

Purification of wild type and engineered S. roseum FLDs
We engineered SrFLD to contain a partial duplication of its own FLD (including the CDR1, CDR2, CDR3 and CDR4 loops and the FLD sequence motif with the conserved residues implicated in L-fucose binding) at its N-terminus, mimicking the domain organization of BfDupFLD ( Figure 1A ). We successfully expressed and enriched SrFLD and the engineered protein, SrDupFLD to 90% purity by metal ion affinity chromatography ( Figure 2A ). We also successfully expressed and purified SrDup TM FLD, in which the L-fucose binding residues of the N-terminal partial FLD region are mutated, and SrDupFLD TM , in which the L-fucose binding residues of the complete FLD region are mutated. We performed CD spectroscopy to examine if the addition of the duplicated elements in SrDupFLD resulted in any alteration in the secondary structure profile. Our data indicated that the secondary structure of the engineered FLD (SrDupFLD) with the duplicated insert is similar to that of the wildtype FLD ( Figure 2B ).
immobilized and allowed to bind to polyacrylamide-based glycoconjugate probes provided in the solution ( Figure 2C ). We found that immobilized SrFLD and SrDupFLD bound to biotin-PAA-α-L-fucose and not to PAA-α-D-galactose provided in the solution; we used biotinylated PAA probe as a negative control ( Figure 2C ). We observed that binding of SrFLD to biotin-PAA-α-L-fucose was almost completely abolished by 300 mM free L-fucose in solution ( Figure 2C ). However, 300 mM free L-fucose competitively inhibited binding of SrDupFLD to biotin-PAA-α-L-fucose to a significantly less extent ( Figure 2C ) (P = 0.03, one-tailed paired Student's t-test), suggesting that the engineered lectin, SrDupFLD has increased binding strength for biotin-PAA-α-L-fucose. We calculated the IC 50 value for competitive inhibition by free L-fucose to be significantly higher for SrDupFLD (351.72 ± 96.06 mM) than for SrFLD (5.80 ± 1.05 mM) (P = 0.03, one-tailed Student's t-test) ( Figure 2D ). This confirmed that binding strength is increased following N-terminal partial duplication of the FLD.
We hypothesized that partial duplication of the FLD might increase binding avidity because the duplicated partial FLD region contains the CDR loops, CDR1, CDR2, CDR3 and CDR4, and the FLD sequence motif with the conserved residues implicated in Lfucose binding. We reasoned that the engineered protein, SrDupFLD might have two L-fucose-binding pockets as opposed to just one in the wild-type protein, SrFLD. To check if this was true, we mutated the conserved residues (His, Arg, Arg) implicated in L-fucose binding in the N-terminal partial FLD region to Ala. We found that this mutant, SrDup TM FLD also bound specifically to biotin-PAA-α-Lfucose provided in the solution, and behaved similar to SrDupFLD in competitive ELLA, with an IC 50 value of 231.84 ± 31.18 mM for inhibition with L-fucose ( Figure 2C, D) . In one-tailed Student's t-tests, this IC 50 value was found to be significantly higher than that of SrFLD (P = 0.009), but not that significantly lower than that of SrDupFLD (P = 0.089). Further, the mutant, SrDupFLD TM , which lacks the conserved residues in the complete FLD region but has the conserved L-fucose binding residues in the N-terminal partial FLD region, displayed negligible binding to PAA-α-L-fucose when compared to SrFLD, SrDupFLD and SrDup TM FLD (P = 0.006, 0.003 and 0.002, respectively, one-tailed Student's t-test) ( Figure 2C , D). Our data implied that although partial duplication of the FLD does result in higher binding strength, the L-fucose binding residues in the duplicated partial FLD region of SrDupFLD are not responsible for the increase in the binding strength.
We also used an ELLA with a modified set-up that more closely mimics the multivalent presentation of glycans on cell surfaces, i.e., FLDs in solution binding to a multivalent presentation of immobilized biotin-PAA-α-L-fucose. We found that SrFLD showed negligible floridae FLD with partial duplication (BfDupFLD), and engineered S. roseum FLD with partial duplication (SrDupFLD). The yellow and the green arrows below the alignment represent the β-strands, and the green cylinders represent the α-helices of the typical FLDs. The blue and the purple arrows are the β-strands, and the brown cylinders are the α-helices of the partially duplicated FLD region in BfDupFLD and SrDupFLD. The asterisks indicate the residues critically involved in binding to L-fucose. The short purple downward arrows mark the first and the last residues of the region chosen for partial duplication in engineered SrDupFLD. (B) Topology models providing secondary structure element information and connectivity for the FLD fold and a putative DupFLD (a partial FLD followed by a complete FLD) fold assuming barrel expansion. The topology models are based on the structure of 1k12. The coloring scheme is the same as described above for the alignment.
binding to immobilized biotin-PAA-α-L-fucose in this ELLA format, whereas the engineered lectin, SrDupFLD and the mutant, SrDup TM FLD bound to biotin-PAA-α-L-fucose with apparent affinities of 84.6 ± 8 nM and 267.5 ± 55 nM, respectively ( Figure 2E ). These results also indicated that partial duplication of the FLD results in increased binding strength. The mutant, SrDupFLD TM , which lacks L-fucose binding residues in the complete FLD region but contains Lfucose binding residues in the N-terminal partial FLD region, displayed negligible binding to the biotin-PAA-α-L-fucose in this ELLA format, too ( Figure 2E ). We concluded that the partially duplicated FLD region does not harbor a functional L-fucose binding site, and therefore the increase in binding strength of the engineered lectin with partial FLD duplication (SrDupFLD) is not due to the presence of an additional L-fucose binding site in the duplicated region.
Hemagglutination assay
We performed hemagglutination assays and found that SrDupFLD and SrDup TM FLD agglutinated human type-O erythrocytes. In contrast, SrFLD and SrDupFLD TM did not agglutinate these erythrocytes ( Figure 2F ). Successful agglutination of erythrocytes requires an avid network of interactions, which is mediated by multiple CRDs on a lectin entity, either through tandem repeats of the CRD on a polypeptide or through oligomerization. Considering that the mutant, SrDupFLD TM did not agglutinate erythrocytes, we inferred that partial duplication of the FLD might increase oligomerization of the lectin polypeptide.
Surface Plasmon Resonance (SPR)
We analyzed the binding parameters of SrFLD and SrDupFLD for immobilized biotin-PAA-α-L-fucose using SPR. We attempted to calculate the dissociation constants (K D ) of SrFLD, SrDupFLD, SrDup TM FLD and SrDupFLD TM using several concentrations of the respective proteins. However, we could not fit the data from different concentrations with global analysis, and due to rapid dissociation rates, also reported in the literature for other lectin-ligand interactions, we were able to use only a narrow range of the data for individual curve fitting with a simple 1:1 interaction model. Considering the narrow range of data used to fit dissociation rates, oligomeric status of the proteins (see subsequent sections), and consequential avidity effect, we note that the average dissociation constants (K D ) calculated be regarded as apparent dissociation constants.
SrFLD had an apparent dissociation constant of 6.60 ± 2.35 μM, and rapid association and dissociation rates indicative of weak binding ( Figure 3A ). In contrast, the engineered lectin, SrDupFLD had a~12-fold lower apparent dissociation constant of 0.55 ± 0.16 μM for immobilized biotin-PAA-α-L-fucose ( Figure 3A) . SrDup TM FLD displayed binding kinetics (apparent K D : 1.03 ± 0.4 μM) similar to SrDupFLD ( Figure 3A) . SrDupFLD TM did not display any detectable binding to immobilized biotin-PAA-α-L-fucose (data not shown). These results are in agreement with the ELLA results and suggest that the lower apparent dissociation constant observed for SrDupFLD binding to biotin-PAA-α-L-fucose might be due to either increased affinity or increased avidity that is not mediated by an additional L-fucose binding site in the duplicated partial FLD region.
Glycan microarray analysis
Glycan microarray analysis of SrFLD and SrDupFLD reiterated that SrDupFLD in solution has higher binding strength than SrFLD for immobilized, "multivalently presented", fucosylated glycoconjugates. SrDupFLD displayed binding to fucosylated glycans classified into different categories like Blood group H type 2, Lewis y , Lewis b , Blood group A, Blood group B and Fucα1-6, hinting at its broad glycan binding specificity ( Figure 3B and Supplementary data, Table SIII ). However, SrFLD displayed negligible binding, albeit to the same glycan groups ( Figure 3B and Supplementary data, Table SII ).
Isothermal titration calorimetry (ITC)
We used ITC to evaluate the stoichiometry and affinity of SrFLD and SrDupFLD binding to L-fucose and to the fucosylated oligosaccharides, type-2 blood group H trisaccharide and Lewis y tetrasaccharide ( Figure 4) . The dissociation constant, number of binding sites per protein (n), and changes in enthalpy (ΔH), entropy (-ΔS), entropy contribution (-TΔS), and Gibbs free energy (ΔG) of binding are presented in Table I . The number of binding sites per protein, n, was observed to be close to 1 for both SrFLD and SrDupFLD with L-fucose and the fucosylated oligosaccharides, confirming that no additional functional L-fucose binding site was present even in the engineered lectin with partial duplication. The fractional value of n (n < 1) for Lewis y tetrasaccharide GlcNAc] might be due to cooperativity, i.e., two protein molecules binding to the two L-fucose units on one glycan molecule. As is typical of lectin-ligand interactions, binding of SrFLD and SrDupFLD to L-fucose and the fucosylated oligosaccharides was driven by a negative enthalpy change that was offset by an unfavorable entropy change, resulting in an overall negative change in Gibbs free energy. Both enthapic and entropic contributions were higher for binding to Lewis y than to L-fucose or H triose type-2, and the entropic contribution was insignificant for H triose type-2. Importantly, the ITC data indicated that partial duplication of the FLD did not result in higher affinity for L-fucose or fucosylated oligosaccharides. The dissociation constant, K D , for L-fucose and the fucosylated oligosaccharides in solution were in a similar range for SrFLD and SrDupFLD. We determined K D values of SrFLD and SrDupFLD to be~174 μM and 219 μM, respectively, for L-fucose, 46 μM and~43 μM, respectively, for type-2 H trisaccharide, and 12 μM and~5 μM, respectively, for Lewis y tetrasaccharide (Table I ). The K D values indicated that SrFLD and SrDupFLD possess the highest affinity for Lewis y tetrasaccharide, and lower affinities for type-2 H trisaccharide and L-fucose, as also determined by SPR assays for the wildtype, full-length S. roseum FLD-containing polypeptide (Bishnoi et al. 2018) . The K D values of SrFLD and SrDupFLD for L-fucose were higher as determined by ITC (~174 μM and~219 μM, respectively) than SPR (~7 μM and 0.6 μM, respectively). We conjectured that this difference might be due to the protein adopting a higher order oligomeric form, which would result in the existence of avid interactions with an immobilized multivalent L-fucose-containing probe (biotin-PAA-α-L-fucose) in the SPR assay as opposed to monovalent interactions with L-fucose in solution in the ITC experiment. Oligomeric profile of wild type and engineered S. roseum FLDs
We analyzed intact masses of SrFLD and SrDupFLD using MALDI-MS as well as ESI-LC-MS. Both SrFLD and SrDupFLD were found to be mixtures of the monomer and higher oligomers ( Figure 5A and B, and Supplementary data, Tables SIV and SV) . We further used analytic size exclusion chromatography to analyze the oligomeric status of SrFLD and SrDupFLD. We found that both SrFLD and SrDupFLD were heterogenous populations, as indicated by the intact mass analysis. Using Superdex 200 gel matrix, we found four SrFLD species of different molecular masses. We extrapolated the molecular mass of the SrFLD species with the highest elution volume to be~9 kDa (as opposed to the theoretically calculated molecular mass of 17.1 kDa for the SrFLD monomer) using the linear equation between log (molecular mass) and Ve/Vo (ratio of elution volume to void volume) that we obtained with standard proteins of known molecular mass Bishnoi et al. 2018 ). We confirmed by SDS gel electrophoresis that all the protein fractions indeed had intact protein of expected size Bishnoi et al. 2018 ) and were not degraded protein or other protein contaminants. The results of our size exclusion chromatography therefore implied anomalous mobility.
In order to rule out the possibility of potential interaction of SrFLD with the carbohydrate-based Superdex 200 gel matrix via its lectin activity, we also performed size exclusion chromatography with Sephacryl S200 gel matrix (composed of allyl dextran and N,Nmethylene bisacrylamide) that lacks any carbohydrate moiety ( Figure 5C ). We obtained a similar elution profile with four peaks (P1, P2, P3 and P4) indicating anomalous migration with Sephacryl S200 gel matrix too ( Figure 5C ). The species with the highest elution volume (P4) was calculated to be <5 kDa (the fractionation limit of the column) (Supplementary data, Table SVI ). Our results confirmed that (1) the anomalous mobility was not due to any carbohydratemediated binding of the protein to the gel matrix but was perhaps due to the protein assuming a non-spherical shape, and (2) the protein exists as a heterogeneous population of various oligomers in solution.
With size exclusion chromatography of SrDupFLD on Sephacryl S200 gel matrix, we observed that the peak P4 corresponding to the fraction (that was confirmed by SDS-PAGE analysis to be the last eluting fraction containing intact SrDupFLD) had a mass of 15 kDa (as opposed to the theoretically calculated molecular mass of 28.93 kDa for the monomer) ( Figure 5D , Supplementary data, Figure S1 and Table SVI) . Besides this species, the chromatography profile indicated the presence of three other SrDupFLD species (P1, Fig. 5 . Oligomeric status of SrFLD and SrDupFLD. MALDI-TOF spectra determining the intact mass of (A) SrFLD (in red) and (B) SrDupFLD (in black) using AB Sciex TOF/TOF™ Series Explorer™ 72092. Chromatograms showing size exclusion chromatography of (C) SrFLD (in red) and (D) SrDupFLD (in black) using Hiprep 16/60 Sephacryl S-200 High Resolution column. The small inset in the chromatograms shows the SDS-PAGE analysis of the respective peaks obtained in the chromatograms (P represents the protein sample prior to size exclusion chromatography, P1-P6 are the fractions corresponding to the peaks obtained during size exclusion chromatography and M is the marker). Fractions with low amounts of protein were concentrated prior to SDS-PAGE analysis, and therefore do not reflect actual peak intensities.
P2 and P3) with molecular masses of~43 kDa, 120 kDa and 241 kDa, respectively ( Figure 5D , Supplementary data, Figure S1 and Table SVI ). This indicated that SrDupFLD also migrates anomalously on Sephacryl S200 gel matrix. Considering the~15 kDa species to be the monomeric species, the masses of P1, P2 and P3 roughly correspond to the masses of the trimer, nonamer, and 18-mer ( Figure 5D , Supplementary data, Figure S1 and Table SVI) . Considering the anomalous migration of SrDupFLD, it is possible that these assignments are inaccurate. It is also possible that higher order oligomers exist, which are not within the fractionation range of the column and are hence not resolved. The elution profile of SrDupFLD with Superdex 200 gel matrix also displayed multiple oligomeric species similar to Sephacryl S200 (Supplementary data, Figure S2 ).
Using the size exclusion chromatography data of Sephacryl S200 gel matrix, we quantified SrFLD and SrDupFLD oligomers, P1, P2, P3 and P4 to be in the proportions (with P1 corresponding to the first eluting species and P4 to the last eluting species) P1:P2:P3: P4::8%:8%:26%:58% and P1:P2:P3:P4::15%:42%:23%:21%, respectively ( Figure 5C and D, Supplementary data, Figure S1 and Table SVI ).
In SrFLD, the lowest oligomeric form (P4) thus assumes the highest proportion and the higher order oligomers P1 and P2 are present at <10% whereas in SrDupFLD the higher order oligomer (P3) is present at highest proportion and the putative monomer is present at lower proportion than in SrFLD (21% in SrDupFLD vs. 58% in SrFLD). This difference is expected to result in the higher glycan binding strength observed in SrDupFLD.
In the presence of L-fucose, both SrFLD and SrDupFLD show a shift in the size exclusion chromatography profile. The proportions of the SrFLD and SrDupFLD oligomers are P1:P2:P3:P4::16%:9%:22%:53% and P1:P2:P3:P4::6%:65%:20%:9%, respectively ( Figure 5C and D, Supplementary data, Figure S1 and Table SVI) .
It should be mentioned that there was also a shift in the elution times of the four peaks, P1, P2, P3 and P4 in the presence of Lfucose, with a trend of increasing molecular mass in the presence of L-fucose (Supplementary data, Figure S1 and Table SVI ). The shift was especially significant for the peak P4 in both SrFLD and SrDupFLD (Supplementary data, Figure S1 and Table SVI) .
Further, we determined that L-fucose effected the change in the oligomeric profiles of SrFLD and SrDupFLD via the L-fucose binding site. No effect of L-fucose on oligomeric profile was observed for SrDupFLD TM (data not shown), and there was no similar effect of D-galactose on the oligomeric profiles of SrFLD and SrDupFLD (Supplementary data, Figure S3 ). Further, even 10 μM L-fucose was sufficient to bring about the change in the oligomeric profile of SrFLD and SrDupFLD (Supplementary data, Figure S4 ).
We also analyzed SrFLD and SrDupFLD by reducing and nonreducing SDS-PAGE for the presence of oligomeric forms. We observed monomeric and dimeric forms in both SrFLD and SrDupFLD, and higher order oligomeric forms also in SrDupFLD (Supplementary data, Figure S5 ).
Purification of wild type and mutant B. floridae FLDs and glycan binding studies
We expressed the recombinant B. floridae protein, BfDupFLD (30.91 kDa) which has an N-terminal partial FLD region followed by a complete FLD, and its deletion mutant, BfFLD (20.38 kDa), which lacks the N-terminal partial duplication. We purified both of them by metal ion affinity chromatography to about 95% purity ( Figure 6A ). Using ELLA, we found that both BfFLD and BfDupFLD bound with higher intensity to biotin-PAA-α-L-fucose than to the negative control, biotin-PAA and that the binding to biotin-PAA-α-L-fucose was abolished by the presence of free L-fucose ( Figure 6B ). BfFLD (inconsistently) bound with lower intensity than BfDupFLD to biotin-PAA-α-L-fucose, and its binding was inhibited to a greater extent by the presence of L-fucose in solution. We calculated the IC 50 values for inhibition of BfFLD and BfDupFLD binding to biotin-PAA-α-L-fucose by free L-fucose to be 0.82 ± 0.13 M and 1.19 ± 0.13 M, respectively (P = 0.22, two-tailed Student's t-test) ( Figure 6C ). The results of this ELLA suggested that lectin activity is retained following deletion of the N-terminal partial FLD region.
To check whether BfDupFLD has two functional L-fucose binding sites, we performed site-directed mutagenesis of the conserved His residues implicated in L-fucose binding in the N-terminal partial FLD region (H386A) and in the complete FLD region (H481A). We found that the deletion mutant with the H481A mutation, BfFLD m , bound negligibly to biotin-PAA-α-L-fucose ( Figure 6B ). This confirmed that His481 is critical for L-fucose binding. However, BfDup m FLD (which has the mutation, H386A) showed similar binding as BfDupFLD to biotin-PAA-α-L-fucose with an IC 50 value of 1.03 ± 0.06 M for inhibition with L-fucose (P = 0.4, two-tailed Student's t-test) ( Figure 6B, C) , suggesting that the L-fucose binding site of the N-terminal partial FLD region is superfluous. Further, BfDupFLD m (which has the mutation H481A) showed negligible binding to biotin-PAA-α-L-fucose with an IC 50 value of 0.04 ± 0.03 M, confirming that the N-terminal partial FLD region does not possess L-fucose binding ability and that the L-fucose binding site of the complete FLD region is the functional one ( Figure 6B, C) . The low level of binding to biotin-PAA-α-L-fucose demonstrated by BfDupFLD m might be due to the incomplete abolition of lectin activity by the H481A mutation since BfFLD m also demonstrates a similar low level of binding ( Figure 6B and C) .
We also characterized the glycan binding specificity of the B. floridae F-type lectin by glycan microarray analysis. BfFLD and BfDupFLD exhibited similar glycan binding specificity ( Figure 6D and Supplementary data, Figure S6 , Tables SVII and SVIII). They displayed binding to two motifs, H type-2 (Fucα1-2Galβ1-4GlcNAc) and Lewis Y (Fucα1-3(Fucα1-2Galβ1-4)GlcNAc).
Discussion
The rationale for our study came from the observation that certain proteins in B. floridae, L. chalumnae and C. picta bellii have a partial FLD annexed to a complete FLD. Lectins typically display weak affinity towards glycan ligands and this is strengthened by avidity arising out of either tandem repeats of lectin domains or multivalency (Lis and Sharon 1998) . Our study was aimed at assessing if a partial lectin domain containing the sugar binding site would be able to lead to multivalency and thereby increased binding strength. Protein domains are considered to be "evolutionarily indivisible, structurally compact units from which larger functional proteins are assembled" (Triant and Pearson 2015) . Nevertheless, partial domains constitute a significant percent of all annotated protein domains. Around 5-10% of protein domains in the Pfam 27 are shorter than <50% of the characteristic domain length (Triant and Pearson 2015) . Triant and Pearson examined 30961 partial domain regions from 136 domain families (Triant and Pearson 2015) in the RPD2 database (a database containing a subset of Pfam-A entries (curated entries from Pfam 27 database) with improved domain boundaries and homology relationships) (Gonzalez and Pearson 2010) . They found that partial domains are mainly of three typessplit domains, bounded partial domains and unbounded partial domains. Split domains (which constituted more than half of the partial domains in RPD2) are actually complete domains that have been split into multiple incomplete domain parts during the HMM alignment procedure (Triant and Pearson 2015) . Bounded partial domains (~20% of partial domains in RPD2) lie in the N-terminal or C-terminal end of the polypeptide and/or are bounded by other non-homologous domains (Triant and Pearson 2015) . They are frequently found in low quality protein predictions in eukaryotic genomes and are often unreviewed protein sequences lacking an ENSEMBL gene model (Zerbino et al. 2018) , suggesting that their occurrence could be due to inaccuracies in gene assembly or splicing model (Triant and Pearson 2015) . Unbounded partial domains are domains that lie unbounded in a region that could theoretically contain the remaining domain parts (Triant and Pearson 2015) . Their occurrence could be due to inaccuracies in sequence alignment (Triant and Pearson 2015) . On the whole, the study by Triant and Pearson suggests that partial domains be viewed with suspicion (Triant and Pearson 2015) . However, they do find that there are bonafide structural partial domains, mainly among unbounded partial domains, where large evolutionary distances lead to incomplete HMM alignments (Triant and Pearson 2015) . Triant and Pearson posit that genuine structural partial domains would be characterized by evolutionary mobility (i.e., the same partial domain would occur in different protein contexts) and structural compactness (Triant and Pearson 2015) .
Genuine partial domains might also be atrophied domains (Prakash and Bateman 2015) . Domain atrophy, which occurs iñ 0.06% of all domains studied, involves large deletions of core secondary structural elements of domains without loss of function (Prakash and Bateman 2015) . This is in contrast to domain length variations, which are caused by insertion or deletion of loops, coils or a few secondary structural elements without affecting the core (Pascarella and Argos 1992; Taylor et al. 2004; Sandhya et al. 2009 ). Domain atrophy is frequently aided by compensatory mechanisms such as domain-domain or subunit-subunit interactions (Prakash and Bateman 2015) .
Considering these studies of partial domains, it is important to distinguish between partial domains that are annotated as such due to sequencing/assembly/gene model errors and genuine partial domains.
In this context, we would also like to make a note of another interesting study that used domain co-occurrence information together with BLAST analysis to annotate new domains. Menichelli et al. found 2240 new domains of Plasmodium falciparum proteins in the Pfam database, of which 7% were partial matches to already known Pfam families (Menichelli et al. 2018 ). Among such domains, domains with <80% overlap but good P values tended to be longer than the known Pfam domain (in 89% cases), and Menichelli et al. suggest that these domains could be extensions of smaller Pfam domains rather than genuine partial domains (Menichelli et al. 2018) .
From these studies, we can infer that a domain annotated as a "partial lectin domain" could be non-existent (being a consequence of sequencing/assembly/gene model errors) or an extension of a smaller Pfam domain or a genuine partial domain.
The B. floridae FLD sequence referred to here in the manuscript is annotated in NCBI as "hypothetical protein BRAFLDRAFT_118409 [Branchiostoma floridae]" (NCBI Reference Sequence gi|260835699|ref| XP_002612845.1|/GenBank EEN68854.1/mRNA XM_002612799.1/ gene 7222252; UniprotKB C3XSY6_BRAFL). The sequence entry XP_002612845.1 is a provisional Refseq not yet subject to final NCBI review, the Genbank entry EEN68854 entry includes the comment "Method: conceptual translation", the UniprotKB entry C3XSY6 is unreviewed with annotation score 2/5 (protein predicted), and the gene lacks an annotated ENSEMBL gene model. However, our analysis of the nucleotide sequence did not point to any obvious inaccuracy in genome sequence assembly.
Further, the genome sequence of B. floridae as well as the transcriptomes of B. floridae, Branchiostoma lanceolatum and Branchiostoma belcheri are known Jin et al. 2010; Oulion et al. 2012; Yang et al. 2016) . The filtered gene model of "hypothetical protein BRAFLDRAFT_118409 [Branchiostoma floridae]" built on JGI Mycocosm server with ESTs indicates the presence of the partial FLD (Putnam et al. 2008) . Moreover, ESTs reported by Yu et al. in their study ) map to various regions of the coding sequence of "hypothetical protein BRAFLDRAFT_118409 [Branchiostoma floridae]" including the stretch coding for the partial FLD (Supplementary data, Figure S7 ). These data suggest that the partial FLD in "hypothetical protein BRAFLDRAFT_118409 [Branchiostoma floridae]" is existent. Interestingly, the B. belcheri transcript of "hypothetical protein BRAFLDRAFT_118409-like", likely homolog of our gene of interest, "hypothetical protein BRAFLDRAFT_118409 [Branchiostoma floridae]" was found to be among the list of transcripts found to be differentially expressed in the various stages of amphioxus (Yang et al. 2016) .
The "hypothetical protein BRAFLDRAFT_118409 [Branchiostoma floridae]" is a multi-domain protein (Supplementary data, Table SI), as per the online CD-Search tool in the NCBI website (Marchler-Bauer and Bryant 2004). The partial lectin domain is the third domain from the Nterminal; it follows two complete F5/8 type C domains, and is followed by nine complete F5/8 type C domains, five calcium-binding EGF-like domains and a Glycolipid transfer protein (GLTP) domain. Therefore, the partial FLD is bounded on both N-and C-terminal ends and therefore is not a structural partial domain with large evolutionary distance leading to incomplete HMM alignment. Although it is a bounded partial domain, it is not bounded by other domains but by FLDs on both sides. The partial FLD (FLD3) and the eleven complete FLDs have FLD sequence motifs (Supplementary data, Table SIX) and overall domain sequences with high sequence identity (Supplementary data, Figure S8 ). The sequence identity ranges from~62% to 100% (Supplementary data, Table SX ). This is highly indicative of multiple gene duplication and gene fusion events. We speculate that the partial FLD might have arisen either by an internal partial gene duplication event (i.e., extension/ expansion of a smaller domain) or by a complete gene duplication event followed by atrophy.
Attempts to recombinantly express only the partial FLD in our lab were unsuccessful, suggesting that it might not form a structural/ folding unit by itself. This coupled with the absence of this partial FLD in other architectural contexts (i.e., with the partial FLD immediately bounded by domains other than a complete FLD) in our bioinformatics searches supports the idea that this partial FLD is not a partial structural domain but a consequence of either internal partial gene duplication or domain atrophy compensated for by interactions with the adjacent FLD. We would like to emphasize that although we did not find this partial FLD in other architectural contexts, the presence of similarly partially duplicated FLDs not only in another B. floridae, but also in other species -three in Latimeria chalumnae and one in Chrysemys picta bellii is also indicative of "evolutionary mobility" and supports our idea that these partial FLDs do indeed exist.
Inspired by the presence of F-type lectins with naturally occurring and evolutionarily conserved partial domain duplication (Bishnoi et al. 2015) , we engineered a similar partial duplication at the N-terminus of an FLD from a S. roseum protein (which has an FLD in tandem with two other co-associated domains, an α-L-fucosidase domain and a NPCBM-associated domain; this full-length polypeptide is discussed in Bishnoi et al. 2018 . CD spectroscopy indicated that the engineered lectin, SrDupFLD has a secondary structure profile similar to SrFLD. Arnold et al. have previously demonstrated that gene duplication of an 8-stranded β-barrel produces a functional 16-stranded β-barrel through barrel expansion (Arnold et al. 2007 ). We predict that our engineering the FLD by partial domain duplication of the FLD also results in an expanded β-barrel (with the same secondary structural elements and thus a similar CD spectrum as observed in Figure 2B ).
Intact mass analysis and analytical size exclusion chromatography indicated that both SrFLD and SrDupFLD exist as a mixture of monomer and higher oligomers ( Figure 5 ). Following size exclusion chromatography (on a Hiprep 16/60 Sephacryl S200 High Resolution column), a single peak fraction collected of SrDupFLD still displayed some oligomeric heterogeneity (as determined by another step of size exclusion chromatography on a Superdex 200 10/300 column or a Hiprep 16/60 Sephacryl S200 High Resolution column) (data not shown), precluding the isolation of a single oligomeric species. This might be either due to the incomplete resolution of the various peak fractions in the first chromatography run or due to equilibrium between the various oligomeric species. Further, both SrFLD and SrDupFLD migrated anomalously both in Superdex 200 gel matrix as well as in Sephacryl S200 gel matrix (that lacks any carbohydrate moiety). The oligomeric status could not be determined for SrFLD because the putative monomer peak had a calculated molecular mass <5 kDa (the fractionation limit of the column). For SrDupFLD, we predict the presence of an 18-mer, nonamer, trimer and monomer.
The presence of trimers have also been reported in AAA and M. saxatilis FLDs, which are trimers with three L-fucose binding sites on the same face of the molecule (Bianchet et al. 2002 (Bianchet et al. , 2010 . However, not all FLDs are trimers. The crystal structure of the FLD containing S. mitis lectinolysin reveals a hydrogen-bonded head-tohead dimer, which is physiologically not relevant as the lectinolysin polypeptide as well as just the FLD of lectinolysin are a mixture of monomers and disulfide-linked dimers in solution (Feil et al. 2012) . Similar disulfide-linked dimers have been reported in AAA, and Bianchet et al. have commented that these dimers are likely formed via oxidation of the surface exposed contiguous Cys residues that are part of the L-fucose binding site, and therefore these dimers are not physiologically relevant (Bianchet et al. 2002) . We also observed similar disulfide-linked dimers in SrFLD and SrDupFLD, and disulfide-linked higher order oligomers also in SrDupFLD by SDS-PAGE analysis (Supplementary data, Figure S5 ).
In SrFLD, the lowest oligomeric form (P4) assumes the highest proportion and the higher order oligomers P1 and P2 are present at <10% whereas in SrDupFLD the higher order oligomer (P3) is present at highest proportion and the putative monomer is present at lower proportion than in SrFLD (21% in SrDupFLD vs. 58% in SrFLD). This difference is expected to result in the higher glycan binding strength observed in SrDupFLD. Incubation with L-fucose shifted the equilibrium further towards higher oligomeric forms for both SrFLD and SrDupFLD with a concomitant decrease in the proportion of the putative monomeric species in the presence of Lfucose. However, the proportion of the monomeric species in SrFLD still remained much higher than that in SrDupFLD (53% in SrFLD vs 9% in SrDupFLD). Concomitantly, the proportion of the higher order oligomeric forms (P1 and P2 considered together) remained higher in SrDupFLD as compared to SrFLD (71% in SrDupFLD vs. 25% in SrFLD for P1 and P2). Thus, SrDupFLD is expected to display greater glycan binding strength even in the presence of L-fucose. Thus, our data indicates that the L-fucose-bound FLD is more liable to higher order oligomerization. We speculate that L-fucose binding makes the monomer interface more suitable for oligomerization.
We studied the effect of partial FLD duplication on the binding strength of SrFLD for its ligand, α-L-fucose. ITC experiments demonstrated no significant difference in the stoichiometry, dissociation constant, or thermodynamic parameters of binding of SrFLD and SrDupFLD for L-fucose, Blood group H type-2 trisaccharide, and Lewis y tetrasaccharide, suggesting that partial FLD duplication does not result in the formation of an additional functional L-fucose binding site (Figure 4) . We made proteins with mutations of the L-fucose binding site (His623, Arg651 and Arg658) either at the N-terminal partial FLD region or the complete FLD region in order to dissect the contribution of each of these L-fucose binding sites to actual lectin function. Using ELLA, hemagglutination and SPR assays, we found that SrDup TM FLD behaved similar to SrDupFLD whereas SrDupFLD TM lost lectin activity, confirming that the partial FLD region does not harbor a functional L-fucose binding site. Considering that three mutations might be an overload, we also performed experiments with single mutants, SrDup H623 FLD and SrDupFLD H623 and obtained similar results (Supplementary data, Figure S9 ).
We also used ELLA and glycan array analysis to analyze binding of SrFLD and SrDupFLD to fucosylated glycoconjugates. Besides tandem repetition and oligomerization, surface presentation is also known to bring about multivalency and hence increased avidity in lectins (Collins and Paulson 2004) . We used two different assay formats of ELLA -one wherein the lectin in solution is allowed to bind to an immobilized (multivalently presented) and multivalent α-L-fucose-containing probe, and the other wherein immobilized (multivalently presented) lectin is allowed to bind to a multivalent α-L-fucose-containing probe in solution. In the former case, i.e., when an FLD in solution binds to an immobilized multivalent L-fucosecontaining probe, it follows that the binding strength can be increased by the multivalent presentation of the FLD, either through the presence of multiple L-fucose binding sites or through increased oligomerization. The latter case, i.e., the ELLA with immobilized lectin, inherently involves multivalent interactions and is therefore not predicted to discriminate well between lectin variants differing in oligomerization and/or domain repetition. As expected, SrFLD and SrDupFLD displayed similar binding in this ELLA format. However, SrFLD in solution did not bind to the immobilized multivalent L-fucose-containing probe. Partial duplication of the FLD in the engineered lectin, SrDupFLD resulted in an increased binding strength, apparent from both the better apparent affinity in the ELLA format with the immobilized multivalent L-fucose-containing probe and the higher IC 50 value for L-fucose in competitive ELLA conducted with immobilized lectin.
The increased binding of SrDupFLD in solution with the immobilized multivalent L-fucose-containing probe, when compared with that of SrFLD, suggested an increase in avidity. That SrDupFLD and SrDup TM FLD but not SrFLD and SrDupFLD TM could agglutinate erythrocytes suggested that partial FLD duplication might result in increased oligomerization. Considered together with the similar binding affinities obtained by ITC for SrFLD and SrDupFLD and their different oligomeric profiles, we concluded that partial FLD duplication resulted in increased oligomerization and thus increased avidity of binding to the immobilized, multivalent α-L-fucose-containing probe. We believe that the higher oligomeric status (and not the presence of an additional L-fucose binding site) is key to the increased binding of SrDupFLD because of the similar stoichiometry of binding observed in ITC and by the fact that SrDup TM FLD, which lacks L-fucose binding residues in the partial FLD region, displays similar apparent affinity to the multivalent L-fucose-containing probe.
We used a similar experimental approach to verify if the Nterminal partial FLD region does possess a functional L-fucose binding site in the naturally occurring B. floridae protein. We did not observe a significant difference in the binding strength of BfFLD and BfDupFLD in a competitive ELLA. The mutagenesis of the His residue in the L-fucose binding site confirmed that the partial FLD region does not contribute towards L-fucose binding. Considering the tandem presence of many complete FLDs in the naturally occurring B. floridae protein, we predict that the partial FLD will not have a significant effect on increasing glycan binding strength in the native (full-length, multi-domain) protein. The physiological role of this partial FLD duplication in Nature is therefore not clear. It is possible that it has some as yet unknown function when present in the context of the other co-associated tandem domains in this B. floridae polypeptide.
Structurally, it is not known whether the partial FLD would fold as an independent entity or would combine with the consecutive complete FLD to make an expanded β-barrel (as we envision in Figure 1B ), and as observed previously for a β-barrel (Arnold et al. 2007 ). We did attempt to crystallize SrDupFLD with the aim of obtaining a three dimensional structural model but could not succeed, probably due to the dynamic equilibrium observed among the various oligomers in solution and the resultant heterogeneity. While we do not have any evidence that the partial FLD is correctly folded in the proteins that we studied, we think it likely because both BfDupFLD and SrDupFLD recombinant proteins are overexpressed, stable, have similar CD spectra as the respective FLDs, and display lectin activity. Nonetheless, it is also a possibility that exposed hydrophobic residues in the incorrectly folded partial FLD region facilitate monomer-monomer interactions and thereby greater oligomerization and glycan binding strength.
Lectin-carbohydrate interactions often occur in low-affinity binding sites formed by shallow indentations on protein surfaces, involving hydrogen bonding and Van der Waal packing which is assisted with water-mediated contacts between the protein surface and the saccharides (Quiocho 1986; Weis and Drickamer 1996; Vasta and Ahmed 2009) (Quiocho 1986; Weis and Drickamer 1996) . Since individual lectin-carbohydrate interactions are generally weak, multivalency is a central strategy in lectin-ligand interactions to enhance and achieve biologically relevant affinities and specificities of lectins for their cognate ligands. Multivalency of the carbohydrate ligand is frequently attained in living systems via surface (immobilized) presentation (Collins and Paulson 2004) , and multivalency of the lectin are accomplished by domain duplication (or tandem repeats) and/or oligomerization of the lectin polypeptide (Lis and Sharon 1998) . Alterations in lectin multivalency may have an effect on biological functions, as demonstrated by a study wherein Ralstonia solanacearum lectin with reduced valency displayed similar avidity towards surface fucoglycoconjugates (as compared to wildtype lectin) but was unable to effect clustering of glycolipids and induce membrane invaginations (Audfray et al. 2012) . Weak affinity interactions are dramatically increased by the association of polypeptides into oligomeric structures in which single binding sites are clustered together, bind to ligand simultaneously, and help to crosslink the glycoconjugates, such as in the bouquet-like oligomer of mannose-binding lectin wherein all the CRDs of the individual subunits are directed towards a target surface (Turner 1996) . Oligomerization of lectins is a critical feature that aids not only in the recognition of surface arrays of polysaccharides on potential pathogens, but also in the facilitation of various effector functions such as agglutination, crosslinking of glycoepitopes, opsonization of pathogens, and activation of the complement system (Holmskov et al. 2003; Fujita et al. 2004; Sharon and Lis 2004; Vasta and Ahmed 2009) .
The FLD family includes eukaryotic members with roles in innate immunity mechanisms and immune surveillance; most members display tandem domain repeats and/or oligomerization (Saito et al. 1997; Honda et al. 2000; Vasta et al. 2007 ). Anguilla anguilla agglutinin, an F-type lectin found in European eel, is involved in the innate immunity system and known to recognize bacterial liposaccharides (Honda et al. 2000) . AAA organizes as a trimer with its three CRDs oriented in the same direction and it can crosslink fucosylated glycoconjugates on the bacterial surface (Bianchet et al. 2002) . The binary tandem domain fucolectin from M. saxatilis is well characterized; its two CRDs possess distinct specificities for fucosylated ligands and each CRD exists as a trimer (Bianchet et al. 2010) . Streptococcus pneumoniae F-type lectin is one of the few exceptional cases of tandem CRDs in bacterial Ftype lectins; it has a glycosylhydrolase domain associated with a Cterminal triplet of FLDs (Boraston et al. 2006) . Boraston et al. demonstrated that the single CRD is unable to bind immobilized Lfucose whereas a polypeptide with three CRDs binds with good apparent affinity, thus emphasizing the importance of domain repetition in multivalent binding to clustered glycoconjugates (Boraston et al. 2006) .
Our study showcases an example wherein a Nature-inspired engineering approach using partial domain duplication indirectly enabled multivalent binding to clustered glycoconjugates via an increased tendency for oligomerization. Our study also indicates that the FLD with its short length, its well defined L-fucose-binding sequence motif and its β-barrel structure that is amenable to engineering via strand insertion, is a model lectin for engineering applications. We believe that strategies similar to the one we adopted here might be useful to engineer and/or exploit other lectins for achieving multivalent binding for various applications.
Materials and methods
Chemicals and reagents
Biotinylated PAA-linked sugars used in this study were obtained from Glycotech Corporation. Blood group antigens were obtained from Elicityl. Monosaccharides were purchased from Sigma.
Bioinformatics analysis
FLD boundaries were determined using the Conserved Domain Database (Marchler-Bauer and Bryant 2004; Marchler-Bauer et al. 2011) . Multiple sequence alignments were performed using Clustal Omega (McWilliam et al. 2013) or T-COFFEE, Version_11.00 (Notredame et al. 2000) . ESTs were mapped on coding sequence using BLAST (Altschul et al. 1990 ). FLD structures were retrieved from the Protein Data Bank (www.rcsb.org) (Berman et al. 2000) and visualized using The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC. The topology diagram was based on 1K12 structure (Bianchet et al. 2002) .
Cloning
The FLD-containing gene from S. roseum (Genbank accession number ACZ87343.1) was codon-optimized, custom-synthesized (Genscript), and cloned in pUC57, and the sequence corresponding to the FLD (referred to as SrFLD) amplified by PCR with appropriate primers (forward primer, 5′-CATGCCATGGCGCGTCCGAATCTGAGTCTGGG-3′, and reverse primer, 5′-GCAGAAGTCCAAGTGCGTGGCCTCGA GCGG-3′) and subcloned in the expression vector, pET-28a(+) within NcoI and XhoI sites to create SrFLD-pET-28a(+) such that the plasmid would encode recombinant SrFLD with a C-terminal hexahistidine tag. Sequences of SrFLD, BfDupFLD, BfFLD and Anguilla anguilla agglutinin were aligned in T-COFFEE, Version_11.00. The length of the SrFLD sequence that aligned with the duplicated portion of B. floridae FLD was identified by visual examination of the alignment ( Figure 1A ). Forward primer, 5′-CATGCCATGGCACGTCCGAATCTGAGTCT GGG-3′ and reverse primer, 5′-CATGCCATGGTAACGTGCACAG CGGTCACACCCGG-3′, both with NcoI sites were used to amplify the aligned portion, i.e., the partial SrFLD sequence that aligns with the partial duplicated FLD region of BfDupFLD, and the amplicon was cloned within the NcoI site of SrFLD-pET-28a(+) to create the clone, SrDupFLD-pET-28a(+), such that it would encode an FLD prefixed with a partial duplication (Dup) at the N-terminus and suffixed with a C-terminal hexahistidine tag; this protein is referred to as SrDupFLD.
SrFLD-pET-28a(+) with binding pocket residues of SrFLD mutated, H623AR651AR658A-SrFLD-pET-28a(+), was generated using Quikchange lightning site-directed mutagenesis kit (Stratagene). Using PCR amplification and cloning, two constructs of mutant SrDupFLD were made -SrDup TM FLD-pET28a (with the three mutations, H623A, R651A and R658A, in the N-terminal partially duplicated FLD portion, and wild type residues in the Cterminal complete FLD region) and SrDupFLD TM -pET28a (having wild type residues in the N-terminal partially duplicated FLD portion and the three mutations, H623A, R651A and R658A, in the Cterminal complete FLD region).
The gene sequence of the B. floridae FLD (with a partial duplication), referred to as BfDupFLD (Genbank accession number XP_002612845.1), was codon optimized and synthesized from Genscript, Piscataway, NJ in pUC57 and subcloned in the expression vector, pET-28a(+) within Nco I and Xho I sites to create BfDupFLD-pET-28a(+) such that the plasmid would encode recombinant BfDupFLD with a C-terminal hexahistidine tag.
Branchiostoma floridae FLD without the duplicated portion, referred to as BfFLD, was amplified from BfDupFLD-pET-28a(+) using a forward primer with NcoI site, 5′-CATGCCATGGCAAACA TTGCGCTGAACAAGAAAACC-3′, and a reverse primer with XhoI site, 5′-CCCGCTACGGTGGCGCGGCGGGTCTCGAGCGG-3′. The amplicon was subcloned into Nco I and Xho I sites of pET-28a(+) to create BfFLD-pET-28a(+) such that the plasmid would encode recombinant BfFLD with a C-terminal hexahistidine tag.
BfFLD-pET-28a(+) was subjected to site-directed mutagenesis to introduce a mutation in the binding pocket, resulting in the clone, BfFLD H481A -pET-28a(+). The protein expressed by this construct is referred to as BfFLD m . Two mutant constructs of BfDupFLD-pET28a(+) were made using PCR amplification and cloning, one, BfDup H386A FLD-pET-28a(+) (with the H386 residue of the Nterminal partially duplicated FLD portion mutated to alanine) and two, BfDupFLD H481A -pET-28a(+) (with the H481 residue of the complete FLD region mutated to alanine). The proteins expressed by these constructs, BfDup H386A FLD-pET-28a(+) and BfDupFLD H481A -pET-28a(+), are designated BfDup m FLD and BfDupFLD m , respectively. All these constructs were cloned to express proteins with C-terminal hexahistidine tags.
Expression and purification
For expression and purification of recombinant proteins, E. coli BL21 (DE3) cells were transformed with the respective expression vector constructs. For the wild-type constructs, SrFLD and BfDupFLD, and the engineered construct, BfFLD, cultures were induced with 1 mM IPTG (GoldBio) and incubated with shaking at 37°C for 4 h at 200 rpm whereas for SrDupFLD, SrDup TM FLD and SrDupFLD TM , cultures were induced with 0.1 mM and incubated with shaking at 22°C for 10 h at 160 rpm. Recombinant proteins were purified by column chromatography using Ni-NTA resin (Pierce). Briefly, the bacterial cell pellet was resuspended in lysis buffer (20 mM Tris, 150 mM NaCl, 20 mM imidazole, pH 7.5), and the cells were disrupted by a probe-type ultrasonicator (Sonics & Materials INC) for 30 min (pulse -10 s on and 10 s off, amplitude 20%). The cleared lysate was centrifuged at 16000 × g for 40 min and loaded on a Ni-NTA column equilibrated with lysis buffer. The column was subjected to end-over-end rotation on a Rotospin (Tarsons) for 2 h at 4°C. The column was then washed with TBS (20 mM Tris, 150 mM NaCl, pH 7.5) containing 40 mM imidazole and the protein was eluted with TBS containing 300 mM imidazole and dialyzed extensively against TBS. Protein purity was assessed by SDS-PAGE. Protein concentration was estimated by OD 280 measurement and by Bradford assay.
Circular dichroism spectroscopy
Circular dichroism spectroscopic measurement was done on a Jasco J815-1505 spectropolarimeter (Jasco International Co., Ltd.). Protein samples (0.2 mg/mL) prepared in 20 mM Tris, 20 mM NaCl, pH 7.5 were placed in a rectangular quartz cuvette with 1 mm path length, and spectra were recorded at far-UV (250-190 nm) region at a scan speed of 50 nm/min and a slit width of 2 nm. The mean residue ellipticity, θ was calculated using mean residue molecular mass and number of amino acids in a respective protein and plotted against the wavelength.
Mass spectrometry
The intact mass analysis was done using AB SCIEX 5800 MALDI-TOF/TOF. Protein samples were prepared in 20 mM Tris buffer, pH 7.5.
Analytical size exclusion chromatography
Size exclusion chromatography was done using Superdex 200 10/ 300 GL (GE Healthcare life sciences) and Hiprep 16/60 Sephacryl S-200 High Resolution column (GE Healthcare life sciences) on an GE Healthcare Akta Purifier FPLC system. For size exclusion chromatography using Superdex 200, the column was first equilibrated with 20 mM Tris, 100 mM NaCl, 1 mM CaCl 2 , pH 7.5 at a flow rate of 0.3 mL/min. Protein samples (4 mg/ mL) and reference proteins prepared in the same buffer were used with a sample volume of 0.1 mL. Reference proteins used for column calibration were lysozyme (14.3 kDa), carbonic anhydrase (29 kDa), albumin (66 kDa), alcohol dehydrogenase (150 kDa) and β-amylase (200 kDa).
For size exclusion chromatography using Sephacryl S-200, the column was first equilibrated with 20 mM Tris, 100 mM NaCl, 1 mM CaCl 2 , pH 7.5 at a flow rate of 0.5 mL/min. Reference proteins used for column calibration were cytochrome C (12.4 kDa), carbonic anhydrase (29 kDa), albumin (66 kDa), alcohol dehydrogenase (150 kDa) and β-amylase (200 kDa). Protein samples (2 mg/ mL) and reference proteins prepared in the same buffer were used with a sample volume of 0.5 mL.
To study the oligomeric state of proteins bound with L-fucose, the protein was incubated with 1 mM L-fucose for 1 h prior to loading on to a column equilibrated with buffer containing 1 mM L-fucose.
Hemagglutination assay
A 2% suspension of type-O human erythrocytes was made in TBS (20 mM Tris HCl, 0.15 M NaCl buffer, pH 7.5). Then, 25 μL of purified lectin was mixed with 25 μL of this 2% suspension of erythrocytes in a U-shaped microtitre plate, and the mixture was incubated for 1 h at 37°C. The plate was observed for hemagglutination. TBS was used instead of lectin for control.
Enzyme-linked lectin assay (ELLA)
Purified recombinant proteins (100 μL of 2 μg/mL stock solutions in TBS) were coated on MaxiSorp flat-bottom 96 well plate (Nunc) overnight at 4°C. Subsequently, the wells were washed twice with 200 μL TBST (20 mM Tris, 150 mM NaCl, 0.1% Tween-20, pH 7.5) and once with TBS (20 mM Tris, 150 mM NaCl, pH 7.5). After washing, all the wells were blocked with 3% BSA and incubated at room temperature for 4 h. The wells were again washed. Biotin-PAA-α-L-fucose, biotin-PAA-α-D-galactose or biotin-PAA (Glycotech) was added to the wells. For the inhibition assays, varying concentrations of α-L-fucose (Sigma) were also added simultaneously. Plates were incubated at room temperature for half an hour and then at 4°C for one and a half h. Subsequently, plates were washed and incubated with HRP-conjugated streptavidin at room temperature for 1 h. Then, 50 μL of TMB-ELISA substrate (Pierce) was added in all the wells. The reaction was stopped by adding 2 M H 2 SO 4 and the color developed was monitored by measuring absorbance at 450 nm in Synergy H1 plate reader (Bio-Tek).
Enzyme-linked lectin assays were also performed with a different set-up using immobilized glycans and lectin in solution to more closely mimic the biological presentation of glycans on cell surfaces. For such experiments, neutravidin (Pierce) (100 μL of 2 μg/mL stock solution in TBS) was coated in the wells of a MaxiSorp flat-bottom 96 well plate for 12 h at 4°C. Subsequent to washing, blocking was done with 5% BSA overnight at 4°C. The wells were again washed and incubated with biotin-PAA-α-L-fucose or biotin-PAA. Different concentrations of proteins (starting from 1.38 mM with two-fold serial dilution) were then added to the wells and incubated for 2 h at 4°C. Following washing, the plates were incubated with mouse anti-C-terminal-His antibody (NOVEX Life Sciences) for 1 h at room temperature and then with the anti-mouse secondary antibody (Invitrogen) for 1 h at room temperature. Following washes, 50 μL of TMB-ELISA substrate (Pierce) was added in all the wells, the reaction was stopped by adding 2M H2SO4 and absorbance measured at 450 nm in Synergy H1 plate reader (Bio-Tek).
Glycan microarray analysis
Glycan microarray analysis was done by CFG (Consortium for Functional Glycomics, Emory University, USA) using the standard procedure of the Protein-Glycan Interaction Core (H). The purified recombinant proteins, BfFLD, BfDupFLD, SrFLD and SrDupFLD were prepared in TBS containing 10 mM CaCl 2 . The purified proteins (70 μL) at a final concentration of 50 μg/mL were allowed to bind to the surface of the CFG glycan microarrayslide version 5.3 (having 600 synthetic and natural glycans) and incubated at room temperature for one hour. The slide was then washed with TBS containing 10 mM CaCl 2 and 0.05% Tween-20 four times and with TBS containing only 10 mM CaCl 2 four times. The slide was then incubated with 70 μL of mouse anti C-terminal 6xHis antibody diluted in TBS containing 10 mM CaCl 2 at room temperature in a dark humidified chamber for one hour. The slide was again washed as described above and incubated with 70 μL of fluorescently labeled Alexa488 secondary antimouse antibody diluted in the same buffer and incubated for one hour at room temperature in the dark chamber. After the incubation, washes were performed as above, followed by four washes with distilled water, the slide was dried and scanned in a Perkin Elmer ScanArray scanner and data was saved for each wavelength used for detection. The saved images were opened in Imagene software and the spots on the slide were aligned by grid using biotin control spots. After the alignment of spots, the intensity of spots was measured. The highest and lowest spot of the six replicates were removed from the data and the remaining four spots were averaged along with appropriate statistics and displayed graphically. For determining the detailed specificity of the proteins, the fucosylated glycans were separated from the 600 glycans on version 5.3 of the CFG glycan microarray and categorized according to L-fucose linkages and glycan structure motif into the following different glycan categories -Fucα, Fucα1-2, blood group H type-1, blood group H type-2, blood group A, blood group B, Lewis Tables SII, III, VII, VIII) . Some complex glycans contained more than one glycan motif, and they were classified into more than one glycan category. The binding of proteins to fucosylated glycans present in different glycan categories was analyzed by sorting each category according to the signal intensity in descending order and displaying graphically.
Surface Plasmon Resonance (SPR)
SPR experiments were performed on a BIAcore 3000 instrument equipped with a research-grade CM5 sensor chip. The surfaces of flow channels (FCs) 1 and 2 were activated with a 1:1 mixture of 0.1 M NHS (N-hydroxysuccinimide) and 0.1 M EDC Ndimethylamino) propyl-N-ethylcarbodiimide) at a flow rate of 5 μL/ min. Neutravidin at a concentration of 40 μg/mL in 10 mM sodium acetate, pH 5.0, was immobilized on FC1 and FC2. All the surfaces were blocked with 1 M ethanolamine, pH 8.0. The biotinylated polyacrylamide probe bearing L-fucose was then captured on FC2 at a concentration of 200 μg/mL. FC1 was left blank to serve as a reference surface. To collect kinetic binding data, the analyte (SrFLD, SrDupFLD, SrDup TM FLDorSrDupFLD TM ) was injected (association 240 s, dissociation 600 s) over the two FCs and binding measured as response units (RU) over time after blank subtraction (FC2-FC1). The FCs were fully regenerated with 1 M L-fucose after each injection. The data were fit to a simple 1:1 interaction model available within BIAevaluation software version 4.
Isothermal Titration Calorimetry (ITC)
ITC experiments were performed at 25°C on a VP-ITC microcalorimeter (Malvern Instruments). The purified proteins, SrFLD, SrDupFLD and SrDup TM FLD, were dialyzed against buffer containing 20 mM HEPES and 150 mM NaCl, pH 7.5. Ligand solutions were prepared in the dialysate. Binding was studied with the ligands, L-fucose, blood group H antigen trisaccharide type 2 and Lewis Y antigen tetrasaccharide. To study the interaction with L-fucose, protein concentration used was 0.06 mM and L-fucose concentration used was 3 mM. The protein and ligand concentrations used were 0.2 mM and 3 mM, respectively for H antigen trisaccharide type 2, and 0.04 mM and 0.4 mM, respectively for Lewis Y antigen tetrasaccharide. The protein was placed in the sample cell (1.4 mL) and titrations were performed with fixed volume of ligand (28 injections of 10 μL each for L-fucose and H-trisaccharide type 2 and 35 injections of 8 μL each for Lewis Y antigen) every 300 s. The first injection was performed with 3 μL of ligand to minimize the heat change due to any artifact associated with loading the syringe with the ligand. Heat changes due to dilutions were determined by titrating ligands against buffer alone and subtracted from the experimental curves prior to data analysis. Data were fitted to a single site model using MicroCal Origin 7 software and the thermodynamic parameters, K, n and ΔH were obtained. K D was calculated from the value of K, and the parameters, ΔG and ΔS were obtained using the equations, ΔG = -RT.lnK and ΔS = (ΔH -ΔG)/T.
Supplementary data
Supplementary data is available at Glycobiology online. 
